Abstract The present work deals with a promising approach for the removal of heavy metals from secondary treated wastewater using aquatic plants, which are economic and effective in separating metals from polluted water. Since the conventional sewage treatment processes were inefficient to remove heavy metals from wastewater, batch experiments of Phragmites australis, Typha latifolia and P. australis and T. latifolia grown in association and reference (unplanted) were carried out for 15 days of retention time for the removal of copper (Cu), cadmium (Cd), chromium (Cr), nickel (Ni), iron (Fe), lead (Pb), and zinc (Zn) from the secondary treated effluent. Significantly, higher removal of the heavy metals in planted set than the reference revealed role of plants in their removal (analysis of variance, p \ 0.05). Higher removal of Cr, Fe, and Zn (66.2 ± 3.5, 70.6 ± 1.2, and 71.6 ± 3.9 %) in the combination of the P. australis and T. latifolia than their individual culture suggested synergistic effect of both the plants in the removal of these metals. Positive relationship was observed between retention time and the removal of heavy metals. Mass balance equation has revealed that the loss of heavy metals in wastewater was equivalent to the net accumulation of heavy metals in plant and loss of heavy metals in natural degradation. P. australis showed higher accumulative capacities for Cu, Cd, Cr, Ni, Fe, and Pb than those of T. latifolia. The P. australis and T. latifolia grown in association might be utilized for the heavy metal removal in the tropical environment.
Introduction
Heavy metal poses serious threat to aquatic life when present in water bodies. Human consumption of water that is contaminated with heavy metals may cause serious health problems including liver, nerve and bone damage, and the inactivation of vital enzymes that are responsible for metabolic functions. In addition, heavy metals may cause cancer in humans (Ewan and Pamphlett 1996; Moore 1990 ). Metal-bearing effluents are produced during industrial processing. The removal of toxic heavy metals by conventional processes such as chemical precipitation, flotation, coagulation-flocculation, adsorption, ion exchange, membrane filtration, and oxidation require high capital cost. In addition, these conventional processes generate considerable amounts of sludge and other toxic substances, which require further management (Aziz et al. 2008; Cohen 2006) . Therefore, it was imperative to develop alternative technologies that are economical as well as eco-friendly. In recent years, aquatic macrophytes have been used worldwide for the removal of toxic pollutants, including heavy metals and pharmaceutical products from industrial effluent and municipal wastewater (Allende et al. 2011; Augustynowicz et al. 2010; Bonano 2012; Caselles-Osorio and Garcia 2007; Cui et al. 2011; Ghemandi et al. 2007; Hua et al. 2013; Langergraba 2005; Maine et al. 2009; Marchand et al. 2010; Ong et al. 2010; Ranieri et al. 2011; Saeed and Sun 2012; Tang et al. 2010; Vymazal 2005; Wen et al. 2010; Wojciechowska and Waara 2011; Xue et al. 2010; Zhang et al. 2012) . Main mechanisms of removal of heavy metals by aquatic plants are plant uptake, precipitation and co-precipitation as insoluble salts, and binding to the substrate (Brix 1994; Ranieri et al. 2011) . Rhizosphere of aquatic plant provide substrate and supporting media for the growth of microorganisms, which help in the immobilization of heavy metals and uptake by plants (Sekomo et al. 2012; Jacob and Otte 2004; Mench et al. 2009 ).
The Phragmites and Typha have been reported to remove pollutant from effluents (Badkoubi et al. 1998; Bonanno and Giudice 2010; Ranieri et al. 2011; Ranieri 2012; Reyes-Contreras et al. 2012; Sasmaz et al. 2008; Valipour et al. 2009; Vymazal et al. 2009 ). These aquatic macrophytes are widely distributed and are known to accumulate efficiently heavy metals and other toxins in their bodies at concentrations well above their surrounding environment (Ye et al. 1997 ). However, systematic data regarding the removal of heavy metals from secondary treated effluent generated in the tropical cities are scarce. Henceforth, the aim of present study was to assess the removal of heavy metals by P. australis and T. latifolia in individual and mixed cultures from secondary treated effluent in a tropical city, Varanasi, India.
In the present study, biofiltration units have been used to culture experimental plants. These biofiltration units were composed with a number of vertical PVC pipes. The secondary treated effluent collected from the nearby sewage treatment plant contains organic and inorganic nutrients, which acts as a growth medium for selected wetland plants. Since P. australis and T. latifolia are wetland plants, they have shown the capacity to survive under hydroponic conditions. In the liquid medium, the PVC pipes act as a support to hold plants. Hence, the present experimental design is comparable to the conditions of plant grown in soil under wetland condition.
Materials and methods
Batch experiments were configured from August 2011 to October 2011 with P. australis and T. latifolia aquatic plants and repeated fortnightly in order to minimize the error.
Secondary treated effluent
Secondary treated effluent was collected fortnightly during August 2011 to October 2011 from the Bhagwanpur sewage treatment plant located in Varanasi city (25°18 0 N, 83°1 0 E), India. As shown in Table 1 , physicochemical properties of treated effluent including temperature (T), pH, electrical conductivity (EC), total alkalinity (T.Alk), acidity (Aci), dissolved oxygen (DO), biochemical oxygen demand (BOD), chemical oxygen demand (COD), nitrate-N (NO 3 --N), phosphate-P (PO 4 3--P), copper (Cu), cadmium (Cd), chromium (Cr), nickel (Ni), iron (Fe), lead (Pb), and zinc (Zn) were determined using standard methods (APHA et al. 2005) . Mean concentrations of Cu, Cd, Cr, Ni, Fe, and Zn were below the permissible limit for discharge in surface water bodies (CPCB 1993) . Pb concentration was slightly higher than permissible limit. Secondary treated effluent is used for the irrigation of nearby crop fields at Varanasi. These heavy metals were found accumulated in different plant parts and entered in the human food chain, which is a serious threat to human health (Rai and Tripathi 2008) . Therefore, in order to avoid bioaccumulation of these heavy metals in the crop plants, present study was conducted as a tertiary treatment process using the wetland plants P. australis and T. latifolia, which is an economic as well as effective methodology. Since experimental plants absorb heavy metals during the experiment, they cannot be used as fodder or food material, hence, either they may be used for land filling or incinerated for heavy metals extraction from the ashes. The plants can also be used to manufacture lowcost paper, so that the metals can be placed in a longer life cycle.
Plant selection
High heavy metal removal capacities of P. australis and T. latifolia were reported by several previous researchers (Badkoubi et al. 1998; Bonanno and Giudice 2010; Sasmaz et al. 2008; Valipour et al. 2009; Vymazal et al. 2009 ). Thus, in the present study, P. australis and T. latifolia were selected as test plants. These plants were collected from the nearby wetland, Varanasi, India.
Experimental biofiltration system
Experimental set-up
Four experimental sets using glass aquarium of 75 L capacity (50 cm length 9 50 cm width 9 30 cm height)
have been used to conduct the experiments. Each of the four sets was fitted with 20 perforated PVC pipes of 30 cm length and 5 cm diameter. The perforated PVC pipes were having 27-mm pores for proper liquid exchange. In the present experiment, single plant of 35 ± 2.1 cm height and 45.5 ± 0.5 g fresh weight of P. australis and 45.3 ± 0.6 g T. latifolia has been selected. One plant of either P. australis or T. latifolia was placed in single plastic (PVC) pipe, which was used to support the plant (Fig. 1a) . Before the plants were placed in the PVC pipes, they were thoroughly washed with the freshwater. Experimental set 1 consisted of only P. australis plants, which were kept at a density of 40 plants m -2 . The set 2 consisted of only T. latifolia plants, which were kept at a density of 40 plants m -2 . In the third set, each of the individual P. australis and T. latifolia plants was kept in each PVC pipe at a density of 20 plants m -2 (i.e. 20 P. australis plants m -2 and 20 T. latifolia plants m -2 ). In experimental set 4, no plant was kept. Set 4 was used as control set and kept to assess natural degradation of heavy metals, so that actual removal of heavy metals by the experimental plants grown individually and in combinations may be evaluated (Fig. 1b) . Five replicates of each experimental set were used to minimize experimental error.
Operating conditions
Biofiltration systems were configured with the P. australis and T. latifolia aquatic plants. These systems were operated from August 2011 to October 2011 at fortnightly interval. Fifty litres of the secondary treated effluent was poured into each of the experimental set. The roots and shoots of the plants were thoroughly washed with freshwater before placing in each experimental set. All of the sets were maintained in open conditions with 10 h of natural sunlight exposure. The water loss through evaporation was maintained by adding an equal amount of double distilled water, and a dilution factor was calculated.
Analytical procedures

Analysis of plant
Before analysis, the plants were washed properly to remove debris. The washed samples were cut into small pieces and dried to a constant mass in fan-forced oven at 80°C for 24 h. The material was then chopped finely and then ground into fine sized powder in agate mortar to facilitate heavy metal analysis. Homogenized material (5 g) was then digested with a solution mixture of H 2 SO 4 :HNO 3 :H 2 O 2 (2:3:1) at the temperature of 60-70°C in a flask on hot plate until white fumes appeared (Kalra 1998) . It was further heated till the appearance of clear solution, which indicated complete digestion. The solution was then cooled and maintained up to 25 mL with double distilled water. The elemental state of Cu, Cd, Cr, Ni, Fe, Pb, and Zn was analysed in digested plant samples at the initial and end of the experiment by atomic absorption spectrophotometer (AAS, PerkinElmer model 2380, USA) as prescribed in Standard Methods (APHA et al. 2005 ).
Analysis of wastewater
Heavy metal concentrations in the effluent were analysed initially and at the 6, 7, 8, 9, 10, 11 12, 13, 14, and 15 days. Twenty millilitres of wastewater was sampled from each experimental set and analysed for heavy metals. The amount of wastewater removed was replaced with an equal amount of double distilled water. The dilution of heavy metals due to the addition of water was calculated. Water samples were filtered with Whatman filter paper in order to remove suspended particles. The filtrate was digested with a mixed HCl:HNO 3 (2:1 v/v) solution on a hot plate until the solution was clear. The samples were then filtered and analysed for Cu, Cd, Cr, Ni, Fe, Pb, and Zn with atomic absorption spectrophotometer (AAS, PerkinElmer model 2380, USA). Certified reference material (CRM) was used to determine the accuracy of the results (APHA et al. 2005) .
Per cent removal of heavy metal was calculated by using the following formula: Per cent removal = (1 -C f / C i ) 9 100 %, where C i and C f are the metal concentrations in the secondary treated effluent before and after treatment, respectively.
Statistical analyses
Heavy metal concentration in treated effluent was reported in mg L -1 , and heavy metal concentration in plant material was reported as mg kg -1 dry weight and is mean of five replicates. Two-way analysis of variance (ANOVA) was conducted by using SPSS 16 package to determine the role of plant species and retention time on the removal of heavy metals. Duncan's multiple range test (DMRT at alpha = 0.05) was used to determine significant differences between mean values.
Accumulation of heavy metals has been calculated for Cu, Cd, Cr, Ni, Fe, Pb, and Zn in P. australis and T. latifolia grown individually and in association. Mass balance equation has revealed that the loss of heavy metals in wastewater was equivalent to the net accumulation of heavy metals in plant and loss of heavy metals in natural degradation. Mass balance of heavy metals was calculated using formula:
Net accumulation of heavy metal in all plants harvested from each experimental set (mg) = (Cin -Ceff -R) 9 V, where Cin = average concentration of heavy metal in wastewater before treatment, Ceff = average concentration of heavy metal in wastewater after treatment, R = natural degradation heavy metal in unplanted culture, and V = volume of the wastewater (50 L) used in each experimental set.
Results and discussion
Role of plants in the removal of heavy metals Removal of Cu, Cd, Cr, Ni, Fe, Pb, and Zn through natural degradation, adsorption, and precipitation was evaluated with the help of reference experimental sets kept without plants, and results are shown in the Table 2 . Experiment revealed the removal of very little quantity of heavy metals through natural degradation. Henceforth, keeping this in view, two aquatic plant species, i.e. P. australis and T. latifolia, were used for the efficient removal of heavy metals. The removal of Cu, Cd, Cr, Ni, Fe, Pb, and Zn was studied in P. australis and T. latifolia individually and in combination. In combination of the P. australis and T. latifolia, significant enhancement in the removal of Cu, Cd, Cr, Ni, Fe, Pb, and Zn (Table 2) over the values of reference experimental sets has been observed. The possible mechanism for the removal of heavy metals in planted culture might be due to the uptake of metals by plants and higher microbial degradation. Present trends of heavy metal removal is supported by similar findings of Brix (1994) and Ranieri et al. (2011) . Therefore, present findings revealed the significant role of plants in the removal of Cu, Cd, Cr, Ni, Fe, Pb, and Zn from secondary treated effluent. Present findings are also supported by similar findings of some previous researchers for the removal of heavy metals (Khan et al. 2009; Mehra et al. 2000; Sawidis et al. 1995; Upadhyay et al. 2007; Vymazal et al. 2007 ), organic materials, nutrients, pharmaceutical, and personal care products (Chang et al. 2012; Cui et al. 2011; Hamouri et al. 2007; Salvato and Borin 2010; Reyes-Contreras et al. 2012 ) from wastewater by aquatic plants.
When P. australis and T. latifolia were grown in combination, there is further increase in the removal of Cr, Fe, and Zn than the plants grown individually. The possible reason for enhanced removal of Cr, Fe, and Zn might be due to the fact that behaviour of plants is changed when grown in combination, which is known as synergistic effects of the plant species. Present findings are supported by similar report of Tripathi and Upadhayay (2003) for the removal of nitrogen and phosphorous from the secondary treated dairy effluent.
Removal of Cr, Ni, and Fe was significantly higher in P. australis culture than that of T. latifolia culture, whereas in T. latifolia culture removal of Cu, Cd, and Zn was higher. The possible reason would be that the selected plant species may have different uptake efficiency for the heavy metals. Similar findings of Mishra and Tripathi (2008) , where significantly different removal of Fe, Cu, Cd, Cr, and Zn with the help of Pistia stratioties, Siprodela polyrrhiza and Eichhornia crassipes further supports the present observation. Synergetic effects were not observed for the removal of Cu, Cd, Pb, and Ni when P. australis and T. latifolia were grown in combination. These findings were similar to those reported by Chang et al. (2012) for the removal of organic and inorganic pollutants.
The preferential order of heavy metal removal in the present study was
combination of both the plants (Table 2) . Fe removal was highest followed by Zn, Ni, and Cu. The possible reason might be the higher uptake of Fe, Zn, Ni, and Cu due to their use in plants as essential micronutrients. Present findings were similar to those reported by Upadhyay et al. (2007) .
High removal of Pb (36.0 %), Cd (33.0 %), and Cu (27.0 %) in the present study as compared to the duckweed and algal system reported by Sekomo et al. (2012) indicates higher efficiency of P. australis and T. latifolia. However, Abhilash et al. (2009) reported higher removal of Cd (98 %) in 30 days from synthetic water by Limnocharis flava grown in free-floating culture as compared to the present study ( Table 2 ). The possible reason for higher Cd removal in the former may be due to longer retention time and differential uptake of heavy metals by different plant species. These findings revealed that plant species, retention time, and heavy metal concentration in the wastewater are the major factors affecting the removal of the heavy metals in the present study. Since retention time and heavy metal concentration in effluent were common factors in all the experimental sets hence, heavy metal removal totally depended on the type of plant species. Present findings are supported by similar findings of Marchand et al. (2010) . Values are the mean ± standard deviation for n = 50
In this study, P. australis and T. latifolia have shown higher removal of Cu, Cd, Cr, Ni, Fe, Pb, and Zn without any visible injury. This might be due to the enhancement of antioxidative metabolism in the plants under metal stress conditions, which was supported by similar findings of Fediue and Erdei (2002) and Iannelli et al. (2002) . Similar findings were also reported by Lyubenova and Schröder (2011) for the removal of As and Cd from wastewater by T. latifolia.
Relationship between retention time and removal of heavy metals
In the present study, continuous decrease in the concentration of Cu, Cd, Cr, Ni, Fe, Pb, and Zn in the wastewater observed up to 15 days when P. australis and T. latifolia grown in combination (Fig. 2a, b) indicates positive relationship of removal with retention time (p \ 0.001). Similar findings by Mishra and Tripathi (2008) and Miretzky et al. (2004) support the present observation.
Accumulation and mass balance of heavy metals
The mean relative growth rate (on fresh weight basis) was found to be 0.67 ± 0.01 g day -1 plant -1 for P. australis and 0.61 ± 0.01 g day -1 plant -1 for T. latifolia. Clevering (1999) reported much lower relative growth rate (0.12 ± 0.004 day -1 ) of P. australis than the present study. Higher relative growth rate in the present study might be due to the fact that in the present study, the fresh weight was considered. The dry matter production after exposure was 2.0 ± 0.1 g per plant for P. australis and Fig. 2 Removal of a Cu, Cd, and Ni and b Cr, Fe, Pb, and Zn in the combination of P. australis and T. latifolia culture 1.8 ± 0.1 g per plant for T. latifolia. Net accumulation of Cu, Cd, Cr, Ni, Fe, Pb, and Zn is the increase in the concentration of these heavy metals over their initial concentrations in the whole plant body. Net accumulation of Cu, Cr, Ni, Fe, and Zn was higher when P. australis and T. latifolia grown in combination as compared to their individual culture (Table 3) . Higher net accumulation of Cu, Cd, Cr, Ni, Fe, and Pb in P. australis than that of T. latifolia (Table 4) revealed that P. australis has higher accumulative affinities towards these metals. The preferential order of net accumulation of heavy metals was noted as
Cd in combination of P. australis and T. latifolia. The decreasing order of heavy metal accumulation in the whole plant after 15 days of exposure (mg kg -1 dry weight) was noted as Fe (1,494.4) [ Zn (1,021.1) [ Cu (135.6) [ Pb (51.8) [ Cr (48.4) [ Ni (16.4) [ Cd (21. 2) for P. australis. In T. latifolia, the accumulation of metal in the whole plant after 15 days of exposure in mg kg -1 dry weight was highest for Fe (1,451.8) followed by Zn (1,034.2), Pb (113.2), Cr (48.4), Ni (20.0), and lowest for Cd (21.6). Similar trends (Pandey 2012) . Similar findings were also reported by Marchand et al. (2010) , Khan et al. (2009 ), Sekomo et al. (2012 , and Upadhyay et al. (2007) . The possible reason for higher accumulation of Fe in P. australis and T. latifolia might be due to the fact that Fe is an essential micronutrient and highly required for plant metabolism. These findings revealed that variations in heavy metal uptake by these plants might be due to differential plant growth rate and heavy metal uptake affinities. Similar findings were also reported by Marchand et al. (2010) , Khan et al. (2009 ), Sekomo et al. (2012 , and Upadhyay et al. (2007) .
In this study, higher concentration of Cu, Cr, Ni, Fe, Pb, and Zn (Table 3) in P. australis and T. latifolia grown in combination than the surrounding water indicated that P. australis and T. latifolia grown in association were appropriate for the accumulation of these heavy metals. Similar findings of Sasmaz et al. (2008) support the present observations.
Mass balance equation revealed that the loss of Cu, Cd, Cr, Ni, Fe, Pb, and Zn in the wastewater was equivalent to their net accumulations in the plant and loss through natural degradation (Table 3 ). These findings revealed that plant uptake and natural degradation of the heavy metals are the two main processes for their removal in the present study.
Conclusion
In the present study, the heavy metal removal capacities of the P. australis and T. latifolia grown individually and in combination were tested. Significantly higher removal for Cr, Fe, and Zn when grown in combination than that of their individual culture signified the change in the behaviour of plants when grown in combination, which is known as synergistic effects of the plant species. These findings revealed significant effect of P. australis and T. latifolia on the removal Cr, Fe, and Zn when grown combination. The observations also revealed that there was a positive and significant relationship between the removal of Cu, Cd, Cr, Ni, Fe, Pb and Zn, and retention time. Highest removal at 15th day of retention time (p \ 0.001) indicates that 15-day treatment is sufficient for maximum removal. Preferential order of heavy metals removal indicates higher affinities of Fe towards plants followed by Zn [ Cr [ Pb [ Cu [ Ni and least in the case of Cd. Mass balance analysis further revealed that loss of Cu, Cd, Cr, Ni, Fe, Pb, and Zn from wastewater was equivalent to their uptake by plants and loss through natural degradation. P. australis showed higher accumulative capacities for Cu, Cd, Cr, Ni, Fe, and Pb than those of T. latifolia.
Henceforth, P. australis and T. latifolia grown in association may be better option for the removal of heavy metals from secondary treated effluent in the tropical environment. Vymazal 
